The hydrogen distribution in a hydrogen-charged Fe-18Mn-1.2C (wt%) twinning-induced plasticity austenitic steel was studied by Scanning Kelvin Probe Force Microscopy (SKPFM). We observed that 1-2 days after the hydrogen-charging, hydrogen showed a higher activity at twin boundaries than inside the matrix. This result indicates that hydrogen at the twin boundaries is diffusible at room temperature, although the twin boundaries act as deeper trap sites compared to typical diffusible hydrogen trap sites such as dislocations. After about 2 weeks the hydrogen activity in the twin boundaries dropped and was indistinguishable from that in the matrix. These SKPFM results were supported by thermal desorption spectrometry and scanning electron microscopic observations of deformation-induced surface cracking parallel to deformation twin boundaries. With this joint approach, two main challenges in the field of hydrogen embrittlement research can be overcome, namely, the detection of hydrogen with high local and chemical sensitivity and the microstructure-dependent and spatially resolved observation of the kinetics of hydrogen desorption. Hydrogen embrittlement of austenitic steels is of high interest because of the potential use of these materials in hydrogen-energyrelated infrastructures. [1] [2] [3] [4] [5] In order to elucidate the associated hydrogen embrittlement mechanisms, the mapping of heterogeneities in strain, 6,7 damage (crack/void), 8 and hydrogen 9,10 and their relation to the underlying microstructures is a key assignment in this field. Specifically mapping the connection between microstructure heterogeneity and the associated hydrogen trapping at similar spatial resolution opens a novel pathway to identify hydrogen embrittlement mechanisms in complex alloys.
Hydrogen embrittlement of austenitic steels is of high interest because of the potential use of these materials in hydrogen-energyrelated infrastructures. [1] [2] [3] [4] [5] In order to elucidate the associated hydrogen embrittlement mechanisms, the mapping of heterogeneities in strain, 6, 7 damage (crack/void), 8 and hydrogen 9, 10 and their relation to the underlying microstructures is a key assignment in this field. Specifically mapping the connection between microstructure heterogeneity and the associated hydrogen trapping at similar spatial resolution opens a novel pathway to identify hydrogen embrittlement mechanisms in complex alloys.
One of the materials classes that is expected to be applied for energy-related structure parts are austenitic steels with high Mn content. 3, 11 In particular, twinning-induced plasticity (TWIP) high Mn austenitic steels are well known for an exceptional balance of ductility and strength with less hydrogen susceptibility compared to ferritic steels with a similar strength. [12] [13] [14] The hydrogen embrittlement phenomenon has been observed under severe mechanical deformation and hydrogen charging conditions such as delayed fracture testing in a deep drawn cup or tensile testing during hydrogen charging at a high current density. [15] [16] [17] Fracture was in such cases caused by various metallurgical factors e.g. by the formation and failure of deformation twins. 3, 18 The importance of deformation twins on hydrogen embrittlement of austenitic steels has been recently studied. 3, [18] [19] [20] [21] It was found that they can act as crack initiation sites and enable crack propagation. 3, [18] [19] [20] Microstructure-sensitive hydrogen mapping in a TWIP steel has been conducted by using microprinting experiments, 19 which enable visualization of hydrogen emission from a sample through reduction of silver ions in gelatin-based AgBr emulsion. [22] [23] [24] The microprinting technique demonstrated that hydrogen is indeed localized at deformation twins, hence, promoting the initiation of hydrogen embrittlement. 19 Also, from our previous experiments we suggested that the hydrogen localization at/near deformation twins requires local plastic straining at/before deformation twins. 3 These facts indicate that the hydrogen-assisted twin boundary cracking of TWIP steels is a complex phenomenon including both, local plastic straining and local hydrogenation. To better understand the influence of deformation twins on the hydrogen embrittlement phenomenon, it is thus essential to map the spatial hydrogen distribution through a high resolution detection approach that is sufficiently microstructure and concentration sensitive. It should be noted here * Electrochemical Society Active Member.
z E-mail: koyama@mech.kyushu-u.ac.jp; a.bashir@mpie.de that the microprinting technique is only sensitive to hydrogen at relatively high concentration levels, or more precisely at relatively high emission rates. It has, therefore, to be applied directly after a sample is charged with hydrogen. It will be shown here that hydrogen is critical for prolonged times after charging. Hence, the findings obtained by microprinting needed to be confirmed also for longer times after charging by a more sensitive technique. In the last years several promising novel approaches have been reported for the localized resolved and sensitive detection of hydrogen. One is a direct electrochemical detection via a capillary cell, developed by Suter et al. (see e.g. Ref. 25) , which, however, does not provide the resolution required here. Another approach is the use of Kelvin probe techniques, which allow detection of hydrogen in a material by means of the change of work function caused by the hydrogen entering the oxide at the surface (see e.g. discussions in Refs. 26 and 27) . Studies at quite high resolution have been carried out with Scanning Kelvin Probe Force Microscopy (SKPFM), where diffusion profiles of hydrogen have been mapped successfully at relatively high resolution at cross section of samples after hydrogen charging. 28, 29 However, a direct quantification is not possible by this method, due to the complex dependence of the work function of oxide on different defect states in the oxides (see discussion in Ref. 26) . For the same reason this approach is not suitable to provide reliable information on hydrogen at different features of the microstructure, because different oxides show a different dependence on hydrogen. 26 A new approach by applying a thin palladium layer eliminates this problem. More specifically, the SKPFM with a thin palladium layer is a novel and efficient method to very sensitively analyze local hydrogen concentrations down to levels well below 0.01 atom ppm at spatial resolutions as small as several tens of nanometers. [30] [31] [32] The SKPFM can hence be used for detecting the hydrogen distribution with high sensitivity, since the potential measured by the SKPFM on the palladium that has been deposited as a thin layer on the hydrogen charged sample surface correlates logarithmically with the hydrogen content in the palladium. 26, 33, 34 Because of this Nernstian-like behavior, which is similar to a hydrogen electrode, as also reported for immersed palladium metal, 33 we also refer to the work function as electrode potential. In fact, as discussed previously, 26, 30, 34 the surface of the palladium is, even in dry nitrogen atmosphere, still covered by an ultrathin water layer, which together with the hydrogen in the palladium leads to the formation of an hydrogen electrode "in the dry". 34 By exploiting this effect, SKPFM was successfully applied to the spatially resolved detection of hydrogen in ferrite/austenite duplex stainless steels that were chemically etched and coated with a 100-nm-thin palladium layer. Since the chemical potential of hydrogen in palladium is much lower than in the steel, diffusible hydrogen leaves the steel microstructure and gets locally stored in the palladium layer above it, causing a corresponding change in the work function. 26, 34 Hence, this method is capable of clearly revealing a hydrogen-enhanced contrast in the potential between the two phases. 30 This means that the palladium layer acts as an accumulation and detection layer for hydrogen.
For the specific microstructure under investigation we have to consider that the crystal structure of the deformation twins is the same as that of the matrix. [35] [36] [37] The twin thickness (1-3 µm) in the current material is much smaller than the grain size of the duplex steel studied by this method before. 30 This means that the detection of the spatial hydrogen distribution in the matrix/deformation twin structure requires a higher hydrogen detection sensitivity than used before on other microstructures.
The current study thus aims at overcoming two main challenges in the field of hydrogen embrittlement research, namely, (1) detecting hydrogen at high local and chemical sensitivity at deformation twins on a palladium-coated layer without chemical etching; and (2) studying changes in the hydrogen distribution as a function of time associated with hydrogen desorption into the surrounding dry nitrogen atmosphere.
Experimental
Material synthesis and microstructure characterization.-A Fe18Mn-1.2C steel (wt%) showing deformation twinning 14 was used. It was solution treated at 1273 K for 3600 s after forging and rolling at 1273 K. The average grain size was 46 µm including the annealing twin boundaries. 14 The steel shows no martensite even after fracture.
14 A plate specimen was cut by spark erosion. All specimens used in this study were tensile-strained to 30% to produce deformation twins. The details of the deformation microstructure and hydrogen embrittlement behavior of the present steel have been reported in previous studies. 3, 14 Electron backscatter diffraction pattern (EBSD) measurements were obtained on a specimen mechanically polished with colloidal silica. The microscope was operated at 20 kV with a beam step size of 300 nm (Figs. 1a and 1b) and 20 nm (Figs. 1c and 1d ), respectively. Determination of hydrogen trapping energies.-In order to determine the hydrogen trapping energy levels for the different types of lattice defects, thermal desorption analyses (TDA) were conducted from room temperature up to 800
• C using a quadrupole mass spectrometer for the detection of hydrogen evolving from the 30% deformed specimen. The dimension of the specimen used for TDA was 15 Since hydrogen is considered to localize in the vicinity of the specimen surface because of the short hydrogen charging time, one should note here that the desorption rates obtained in this study depend on the surface area. TDA was started within 25 min after the hydrogen charging. The heating rate was changed from 6 to 90 K · min −1 to estimate the activation energies for hydrogen desorption pertaining to a specific trap site distribution. The activation energies were estimated by using a Kissinger plot as defined in Ref. 38 , i.e.
where ϕ is the heating rate, T c the temperature in kelvin at which the maximum of the hydrogen desorption peak appears, R the gas constant, and E a the activation energy for hydrogen desorption. The activation energies for hydrogen desorption from the different trap sites were calculated as the slope of a ln(ϕ/T c 2 ) vs 1/T c plot. The obtained activation energies were then used to identify the active hydrogen trap sites.
Hydrogen mapping in conjunction with microstructure characterization.-The SKPFM measurements were carried out with an Agilent 5500 SPM device. The silicon based atomic force microscope tips were coated with Pt/Ti (20 nm) on the tip side and Al reflex coating at the back side and the tip radius was 28 ± 10 nm at the apex. The 30% deformed specimen investigated with the SKPFM was first lapped and subsequently buff-polished with colloidal silica for 30 minutes (Fig. 1a) . Topographic features arising from deformation twins appear during the long time buffpolishing. Hydrogen was introduced into the polished specimens by electrochemical charging in the same condition used for the TDA (Fig. 1b) . The hydrogen-charged specimen was covered by palladium with a thickness of 100 nm by means of physical vapor deposition (PVD). Altogether about 1 hour lapsed after charging with hydrogen before the desired condition is reached. Then, SKPFM observations were conducted on the specimen surface under dry nitrogen gas atmosphere (Fig. 1c) . The dry nitrogen gas atmosphere suppresses the loss of hydrogen from the palladium by oxidation to water. The consecutive enrichment of hydrogen in the palladium, driven by the locally available diffusible hydrogen, results in the evolution of potential contrast in the SKPFM images. 26, 34 One should note that even when the initial diffusible hydrogen is desorbed, new diffusible hydrogen is further supplied, although at low rates, from deeper trap sites. 26, 34 These will, even a long time after hydrogen loading, still be actively releasing hydrogen close to the surface, 26, 34 which leads to high achievable local resolution even after longer times. Such high resolution is made possible by the nano-crystalline character of the Pd film, which prevents fast lateral cross-diffusion of the hydrogen.
26,32
Tensile testing and fractography.-Tensile tests were conducted at ambient temperature with and without hydrogen pre-charging in the same condition used for the TDA and SKPFM. The tensile tests with hydrogen pre-charging were started after exposure to air for 0, 6, and 67 h. In order to determine a strain rate of the present study, the following two factors were considered. 1) The strain rate is required to be as low as possible, since the competitive motion of hydrogen and dislocation is crucial for hydrogen-enhanced localized plasticity.
2) The total test time must be significantly shorter than 6 h to compare the results at the exposure times of 0 and 6 h. Because of these two reasons, the strain rate was selected to be 1.0 × 10 −3 s −1 . Then, the sample surfaces (ND) and fracture surfaces (RD) were observed by scanning electron microscopy (SEM) to investigate the appearance of hydrogen-assisted cracking. The SEM was operated at an acceleration voltage of 20 kV.
Results
Preliminary experiments.-The initial microstructure in the 30% deformed specimen is shown in Fig. 2 . The rolling direction (RD// tensile axis) inverse pole figure (IPF), and image quality (IQ) maps shown in Figs. 2a and 2b exhibit a considerable amount of deformation twins in most of the grains. 39 The high resolution RD-IPF map ( Fig.  2c) shows that the thickness of the twin plates is 1-3 µm. Additionally, geometrically necessary dislocation patterns formed during plastic straining at the deformation twin plates as revealed by the Kernel average misorientation map (Fig. 2d) . Figure 3 shows topographic and surface potential images of the buff-polished surface without hydrogen-charging and a palladium layer taken by SKPFM. The topography appearing during the buffpolishing with colloidal silica is attributed to a difference in hardness between matrix and deformation twin, since deformation twin plates include a considerable amount of lattice defects. Since a soft region is easier to polish compared to a hard region, the relatively-soft matrix and hard deformation twins appear as bright (higher position) and dark contrasts (lower position), respectively as shown in the topographic images of Fig. 3a ′ . These features match the deformation twin morphology observed by EBSD. Note that the potential image shown in Fig. 3b ′ shows heterogeneity even without hydrogen-charging. The palladium coating on the specimen surface initially leads to a homogeneous potential on the sample surface, eliminating specifically potential difference effects associated with crystal orientation, second phases, and lattice defects as shown later. Figure 4 shows examples of TDA results at heating rates of 6, 19.8, 60, and 90 K · min −1 . The TDA profiles can be deconvoluted into 5 peaks shown as broken curves. The respective peak positions shift to higher temperatures with increasing heating rate. Fig. 5a shows TDA profiles obtained (i) before hydrogen-charging, (ii) immediately after hydrogen-charging, and (iii) after hydrogen-charging and subsequent exposure to air for 300 h at room temperature. As shown here, the height of all peaks increased due to hydrogen-charging. Then, the first and second peaks in the temperature range between room temperature and ∼300
Thermal desorption analysis.-
• C totally disappeared after exposure to air for 300 h at room temperature. In particular, the first peak disappeared already after exposure for 6 h as shown in Fig. 5b . Additionally, the cumulative hydrogen content corresponding to the third peak decreased and reached the level observed for the hydrogen-uncharged specimen after an exposure for 300 h to air. On the other hand, the cumulative hydrogen amounts corresponding to the fourth and fifth peaks rather increased after air exposure for 300 h compared to the hydrogen amount observed immediately after the hydrogen-charging. More quantitatively, after the charging, the total hydrogen concentration of the samples was equal to 6.5 ± 1.0 wt ppm depending on the individual sample, with approx. 2 wt ppm being trapped and rest diffusible. After 6 h of the exposure to the ambient air, peak 1 evolved out of the sample, decreasing the concentration of the diffusible hydrogen by factor 1.7 (2.5 wt ppm remaining from 4.1 measured immediately after the charging of the similar specimen at the same heating rate). The sample stored during 300 h on air showed no peaks corresponding to diffusible hydrogen, Figure 3 . SKPFM data obtained on the specimen surface without palladium coating directly after mechanical polishing with colloidal silica. Topography and potential maps are shown in Fig. 3a and 3a ′ , respectively. The plates within the grain are deformation twins. This reference image reveals potential differences due to surface topography caused by twinning, phase contrast and dislocation patterning. These microstructure differences are eliminated once the sample is palladium-coated so that the effect of the evading hydrogen alone can be detected. but the amount of 2.3 wt ppm for hydrogen being trapped in the last 3 peaks.
Since the peaks in the TDA profiles shifted to higher temperature levels with increasing heating rate, the profiles can be used for a Kissinger analysis 38 in order to determine the activation energy for hydrogen detrapping as shown in Fig. 6 . By using Eq. 1, the activation energies for the 1 st -5 th peaks were determined to be approximately 30, 32, 58, 71, and 80 kJ · mol −1 , respectively.
Scanning Kelvin Probe Force
Microscopy.- Figure 7 shows the summary of the SKPFM measurements at various exposure times after hydrogen charging plus the subsequent palladium coating. The topographic images reveal primary and secondary deformation twin plates as indicated in Fig. 7a . These topographic features did not change during the measurements as revealed in Figs. 7a through 7e. In contrast, the work function, here referred to as electrode potential, 31, 40 increased exponentially with exposure time from Figs. 7a
′ to 7c ′ similarly as reported previously. 40 The change in the work function was correlated with the presence of hydrogen, and had been quantitatively calibrated before to estimate the hydrogen content in palladium. The actual calibration curve is shown in Ref. 34 . This calibration shows that the work function decreases with increasing hydrogen content, indicating that the microstructurally localized hydrogen is visualized in terms of dark contrast in the corresponding SKPFM potential maps. Figs. 7a
′ reveal that the deformation twins are characterized by a distinct drop in the potential when compared to the matrix. This can be seen from the dark color at the locations where deformation twins exist, indicating a higher hydrogen uptake into the palladium at these locations. Specifically, this effect can be observed at the positions indicated by arrows in Figs. 7b ′ and 7c ′ . Figure 8a shows the line profiles corresponding to the white lines in Figs. 7a ′ to 7e ′ . The three dotted lines in Fig. 8a correspond to the locations of the deformation twins indicated by the black arrows in Fig. 7 . The potential difference between twins and matrix is highest after an exposure time of 67 hours, and then it decreases with further exposure time. Fig. 8b shows the difference between the average potential of the matrix and the local potential at the deformation twins. The local potential at the deformation twins was defined as the average of the minimum potentials of the respective twins shown in Fig. 8a . The change in potential difference between twin and matrix more clearly demonstrates that the relative difference in potential increased with exposure time until 67 h and decreased with exposure time from 67 to 300 h, corresponding to the evolution and disappearance of dark contrast as a function of the exposure time to the dry nitrogen atmosphere shown in Fig. 7 . This fact indicates the widening and then narrowing of the difference in hydrogen content between twin and matrix.
Tensile testing.- Figure 9 shows engineering stress-strain curves at different exposure times after hydrogen-charging for 30 min. The specimens after hydrogen charging were exposed to air at ambient temperature. The stress-strain responses and mechanical properties were not dependent on the exposure time to air after the preceding hydrogen charging. Figure 10 shows fractograph images observed after the fracture shown in Fig. 9 . In the hydrogen-uncharged specimen (Fig. 10a) , the fracture surface was totally ductile. In the case studied immediately after hydrogen-charging (Fig. 10b) , brittle fracture features were observed in the vicinity of the sample surface. The brittle features still remained even after the exposure to air for 6 h (Fig. 10c) , although the total area affected by brittle fracture was reduced compared to Fig. 10b . Finally, the brittle fracture features entirely disappeared after an exposure at air for 67 h (Fig. 10d) . The magnified images of the brittle features are shown in Figs. 11a and 11b . The brittle fracture features do not represent simple intergranular cracking but multiple steps and surface traces are observed too. Figure 12 reveals surface cracks and voids in the fractured specimens. In the case without hydrogen charging, spherical voids formed at the austenite/inclusion interfaces as shown in Fig. 12a . On the other hand, the specimens studied immediately after hydrogen charging and after subsequent exposure to air for 6 h showed brittle cracks along or parallel to grain and twin boundaries as indicated by red and yellow arrows, respectively (Figs. 12b and 12c) . The number frequencies of both, the grain and twin boundary cracking events decreased with increasing exposure time to air. In particular, the cracks formed along the grain boundaries propagated easily immediately after hydrogen-charging, and this fast propagation phenomenon was suppressed distinctly by the exposure to air. The brittle cracks totally disappeared, and voids which initiated from inclusions appeared again after 67 h of air exposure as shown in Fig. 12d . Here, an important difference between the uncharged specimen and the 300 h-exposed specimen should be noted, namely, slip traces along {111} were observed around the void shown in Fig. 12d .
Discussion
Hydrogen effects in TWIP steels have been discussed to affect dislocation mobility, 17,41 strain aging, 5, 42, 43 and the cohesive energy of grain boundaries. 15 The relative contribution of these factors is dependent on the micro-distribution of the hydrogen. The hydrogen segregation leads to hydrogen-assisted cracking in TWIP steels, specifically along grain 15, 16, 44 and 3 twin boundaries. 3, 18, 19 The symbol stands for the coincidence site lattice parameter describing the inverse frequency of atoms matching atomic positions that fit a joint superlattice, i.e. positions pertaining to both abutting crystals. A low number, such as 3 indicates a geometrically highly coincident interface. It should be emphasized though that the full coherency and segregation state of an interface requires also the interface plane to be considered. When observed first, twin boundary cracking was considered an unexpected phenomenon in FCC alloys, since the 3 twin boundary is often coherent, depending on its interface plane inclination, and was hence assumed to have only a weak interaction with hydrogen. 10 Therefore, in this study, we discuss the local hydrogen segregation and boundary cracking behavior through the analyses of the present results.
Hydrogen trapping ability and desorption behavior.-The activation energies of 30 and 32 kJ · mol −1 correspond to hydrogen detrapping from dislocations and micro-voids. 12, 38, 45 Also, these peaks could include hydrogen desorption from interstitial sites, vacancies, and grain boundaries, which show similar or slightly lower activation energies than dislocations. 38 Since the first and second peaks completely disappeared after the exposure to air for 300 h, the hydrogen trapped in these sites is concluded to be diffusible at room temperature. On the other hand, the activation energies of 71 and 80 kJ · mol −1 obtained for the fourth and fifth peaks would correspond to hydrogen detrapping from dislocation cores, 46 precipitates or inclusions which are known to be irreversible trap sites. An activation energy of 72 kJ · mol −1 for mixed dislocation cores was also reported by Li, Gangloff and Scully. 47 In the present steel, only MnS (shown in Figs. 12a ′ and 12d ′ ) could be a possible precipitate or inclusion type which might lead to the large cumulative hydrogen content revealed by the fourth Figure 11 . Magnified images of the regions outlined by the red broken lines in (a) Fig. 10b and (b) Fig. 10c. and fifth peaks. 48, 49 Hence, the fourth and fifth peaks are considered to stem from hydrogen detrapping from dislocation cores or MnS inclusions. The peak heights of the fourth and fifth peaks increased with longer air exposure time. The reason why the peak height increased is seen in hydrogen transfer from reversible trap sites to irreversible trap sites. Some of the weekly trapped hydrogen diffuses to irreversible hydrogen trap sites and cannot easily escape from them at room temperature. Thus, the cumulative hydrogen content represented by the fourth and fifth peaks increased with longer air exposure time through such a hydrogen transfer mechanism.
The intermediate activation energy of 58 kJ · mol −1 obtained for the third peak corresponds to the hydrogen detrapping from twin boundaries. 12 A strong indicator for this is that this intermediate activation energy was not observed in other austenitic steels which do not contain deformation twins e.g. κ-carbide hardened austenitic steel with a high stacking fault energy. 4, 50 As shown in Fig. 5 , the third peak height hardly changes even after exposure to air for 6 h, and only very slowly decayed and approached the level observed for the hydrogen-uncharged condition after air exposure for 300 h. Additionally, the cumulative hydrogen content observed for the third peak is remarkably lower than the other peaks. These facts indicate that the hydrogen detrapping rate from twin boundaries is lower than that from typical diffusible hydrogen trap sites, and the reduction in the third peak height after the air exposure for 300 h indicates that the hydrogen on twin boundaries is more active than that in irreversible hydrogen trap sites shown as fourth and fifth peaks in Fig. 5a . It is unlikely that the coherent portions of the 3 twin boundaries can act as hydrogen trap sites, 10 however, the incoherent regions of the same twin boundaries can indeed act as a highly efficient trap sites. 3 The importance of locally incoherent misfit regions on otherwise coherent twin boundaries has been reported for the case of interstitial carbon segregation in iron studied by atom probe tomography. 51 Moreover, autoradiography in an austenitic stainless steel has clarified that hydrogen segregates at facet corners on twin boundaries. 52, 53 The facet corners are actually produced by dislocation-twin interactions. Dislocations intersect twin boundaries through a dislocation dissociation mechanism. 54, 55 For instance, where the (111) plane is the obstacle twin boundary. The formation of 1/6[211] dislocations creates slip steps on the obstacle twin boundary, 56 resulting in the facet corners. Thus, twin boundaries in deformed TWIP steels such as the present specimen include a considerable amount of facet corners. The numerous facet corner forms the curved twin boundaries shown in Fig. 7 . Therefore, it is plausible that the cumulative hydrogen content on twin boundaries is essentially smaller than that in the other trap sites. However, the local hydrogen content on such interfaces at the incoherent portions may be very high, promoting initiation of embrittlement. A more detailed discussion of this effect is given in the next section.
Hydrogen distribution.-Dislocations, vacancies and interstitial positions are preferred sites for diffusible hydrogen. 12, 44, 45, 57 Presence of the diffusible hydrogen in such defects was demonstrated via Kissinger analysis on the first and second peaks in the TDA results. Higher densities of such defects exist at deformation twins compared to the surrounding matrix. 36 However, the relatively slow buildup of the potential contrast with increasing exposure time (after 67 h exposure in dry nitrogen) raises questions whether this phenomenon can indeed be correlated to hydrogen desorption from such sites. Even after air exposure for 6 h, the first peak disappeared, and the height of the second peaks decreased steeply as shown in Fig. 5b . Since the sample handling also takes some time, i.e. through the palladium evaporation after hydrogen loading, mounting the sample in the SKPFM and starting the measurement we, therefore, conclude that the hydrogen that leads to the relatively slow development of the observed potential contrast originates from trap sites with a lower hydrogen desorption rate, e.g. twin boundaries.
As revealed in Fig. 7b ′ , the dark area in the potential images indeed appeared clearly at deformation twins with a maximum contrast to the matrix after an exposure time of 67 hours. First it should be noted that the hydrogen charging time in the present study is very short and, accordingly, the depth of the hydrogen-affected zone is shallow. A diffusion coefficient of hydrogen in a non-deformed TWIP steel has been reported to be about 1 × 10 −13 m 2 · s −1 . 58 Assuming that the diffusion coefficient is similar for this TWIP steel, the depth of the hydrogen-affected zone is estimated to be about 20 µm by using (Dt) 1/2 criterion where D is diffusion coefficient of hydrogen, and t is hydrogen-charging time. In fact, deformation-induced lattice defects suppress hydrogen diffusion, e.g. 10% cold rolling in steel decreased the diffusion coefficient by a factor of 10 compared to that of the as-annealed condition. 59 Considering the reduction of the diffusion coefficient by a factor of 10, the depth of the hydrogen-affected zone is estimated to be certainly below 10 µm in the present hydrogencharging condition. Since the average grain size and the thickness of twin plates in the 30%-deformed condition are about 50 and 1-3 µm, respectively, 3 the depth of the hydrogen-affected zone roughly corresponds to the twin thickness, and is smaller than the grain size. Hence, under the chosen charging conditions, it was assumed that contrast between hydrogen available at the twin in comparison to the matrix within the grains should be well resolvable. In fact, the resolution of the features that can be seen in Fig. 7 seems to be even better than 3 µm. This is attributed to the fact that most of the hydrogen located originally in the dominant, i.e. shallow sites, that would lead to smearing out of contrast, has already left the surface region when the SKPFM measurements start after about 1-1.5 hours after hydrogen loading. Thus, the influence of hydrogen release from twin boundaries seems to play the dominant role during the here observed later stages, owing to the higher activation energy for hydrogen desorption from twins. A further reason for the the high localization at of the hydrogen release into the Pd film is most likely a preferred hydrogen transport along the twin boundaries (as compared to through the matrix).
Since a reduction in potential is related to relatively high hydrogen concentration in the palladium layer, the first increasing dark contrast at the twin boundaries indicates an increasingly higher accumulation of hydrogen in the palladium over the twins than over the matrix (see Figs. 7a ′ -7b ′ ). Deformation twins in such steels actually consist of twin/matrix bundles, 11, 36, 37 providing a nanolamellar morphology such as observed in the topographic and potential images outlined by the white dotted area depicted in Fig. 7 . The contrast detected by the Kelvin probe experiment is maintained as long as hydrogen is desorbed significantly from twin boundaries compared to the matrix. The sequence of images shown in Fig. 7 reveals that the overall signal difference indicating local hydrogen desorption from twins compared to matrix desorption is weak and does not last very long. This relatively small potential difference means that the relative difference in hydrogen release rate from the twin boundaries is quite small compared to that from the matrix at the observed stage (a few hours after hydrogen charging where the shallowly bound hydrogen has already left the surface near region). As hydrogen at twins is relatively weakly bound 10 (although clearly stronger than diffusible hydrogen in the adjacent undefected matrix 12 ), that also means that the most likely the overall concentration there will be relatively low, because otherwise a larger relative release rate would be expected. Hence, the extra hydrogen from the twin boundaries is also relatively quickly exhausted, and the contrast decreases again due to the general near-logarithmic decrease in potential due to the slowly but steadily increasing hydrogen concentration in the palladium film 26, 33, 34 stemming from the background of continuous hydrogen release from the statistically distributed deeper trap sites. The interpretation of the SKPFM results in the heterogeneous microstructure is schematically summarized in Fig. 13 . Since interstitial sites, vacancies, vacancy clusters, and dislocations are dominant low energy trap sites for hydrogen compared to twin boundaries, 12 these hydrogen atoms are desorbed first, probably in part already during sample handling, before the first measurement can be recorded. These weakly bonded hydrogen atoms are taken up by the palladium film and react with oxygen from the environment during the initial stages of sample handling. Thus, the first actual measurements are recorded from a palladium film where diffusible hydrogen is depleted due to the H 2 O formation on the surface. This initial stage corresponds to the line profiles taken after 6 hours as shown in Fig. 8a . In contrast, hydrogen desorption from twin boundaries proceeds over a longer time scale compared to interstitial, dislocation and vacancy related hydrogen desorption (Fig. 13a) . This effect produces the contrast in the potential image and the peaks on the line profiles after an exposure for 67 hours as shown in Fig. 8a . After that, the hydrogen desorption rate from twin boundaries also drops (Fig. 13b) , and hence the concentration of hydrogen accumulating in the palladium film above the matrix is catching up, reducing the contrast in the potential image and smoothing the line profiles again. Hence, the potential image became sharper with time up to 67 h, and then, more blurred with further exposure time as shown in Figs. 8a and 8b. Finally the difference in potential disappears when the concentration in the palladium layer above the matrix has caught up and hydrogen desorption is only due to slow release from deeper traps (Fig. 13c) . The existence of hydrogen on twin boundaries, specifically on their less coherent portions, and its diffusivity at room temperature explain the hydrogen-assisted twin boundary cracking that was observed in previous works, 3, [18] [19] [20] [21] underlining that the diffusible hydrogen at room temperature plays indeed a key role for hydrogen embrittlement. 57 However, it should be noted that fully coherent 3 twin boundaries with a fully coherent interface plane orientation cannot plausibly act as a deep hydrogen trap site. 10 Instead, it is assumed that only incoherent portions of these twin boundaries (e.g. facet corner on twin boundaries 52, 53 ) that are distorted or slightly tilted out of the fully coherent interface plane can act as deep hydrogen traps as discussed in section Hydrogen trapping ability and desorption behavior. Such a profound difference in interstitial trapping between coherent and less coherent twin boundary regions was recently proven for a Fe-C system, where already deviations above ∼4
• from full 3 coherency substantially increased the solubility for carbon. 51 This observation supports that specifically incoherent twin interface portions, secondary grain boundary dislocations and / or secondary deformation twins may indeed act as efficient trapping sites for hydrogen storage in the present material. 3 The interaction of this locally very high hydrogen content stored at a small incoherent portion of a twin boundary is assumed to efficiently promote hydrogen-assisted cracking at such sites.
Hydrogen-assisted cracking.-No difference was observed among the stress-strain curves taken after different air exposure times. This is attributed to two factors: the relatively high strain rate and the shallow hydrogen-affected zone. The former factor is associated with hydrogen localization at a crack tip 60, 61 and hydrogen/dislocation competitive motion associated with hydrogen-enhanced localized plasticity. [62] [63] [64] Therefore, a hydrogen-effect may appear at a lower strain rate than that used for the present tests. The latter factor is related to the fact that hydrogen cannot diffuse to deeper portions inside of the specimen after only 30 min due to the low diffusion coefficient of hydrogen in the austenitic phase. More specifically, the depth of the hydrogen-affected zone was estimated to be well below 10 µm as mentioned above. Nevertheless, the fracture surface observed in the vicinity of the sample surface as well as the surface cracks showed important features depending on the respective air exposure times. In fact, it has been reported that only a small difference in the stressstrain responses is observed when the hydrogen charging time is not sufficient for loading and sweeping also the entire bulk region of a TWIP steel, but only the surface region. 16 Brittle cracking occurs only in the hydrogen-affected zone, and the high ductility capacity of the present steel is considered to suppress propagation of such shallow cracks. Since the fracture surface was totally ductile in the hydrogenuncharged specimen, the brittle cracking shown in Fig. 11 stems from hydrogen uptake. Also here note that the depth of the area showing the brittle cracking almost was 4-10 µm, which reasonably corresponds to the estimated depth of the hydrogen-affected zone.
As shown in Figs. 12b ′ and 12c ′ , some of the near-surface cracks were located along or parallel to deformation twin boundaries, indicating that twin boundary cracking occurred. 3 twin boundaries are usually resistant to brittle cracking in cases without any hydrogen charging. However, when probed at low temperature conditions or when ε-martensite forms, 65, 66 3 twin boundaries were indeed observed to crack. These facts indicate that 3 twin boundaries can indeed crack when assisted by an additional factor i.e. hydrogen segregation as in the present case. Therefore, hydrogen must exist on twin boundaries to some extent to assist cracking at ambient temperatures in the present TWIP steel. Also note that hydrogen-assisted intergranular cracking was observed as the major cracking mode in the condition immediately after the hydrogen-charging, but the dominancy was decreased with time compared to the twin boundary cracking as shown in Figs. 12b ′ and 12c ′ . This fact indicates that grain boundary can trap a significant amount of hydrogen, but was desorbed faster than twin boundaries. As indicated by the TDS and SKPFM results discussed above, hydrogen actually does exist on the incoherent portions of the twin boundaries, and remains there for longer times than at the other diffusible hydrogen trap sites. As a result, hydrogen-assisted twin boundary cracking occurred, and was relatively promoted with time compared to the intergranular cracking. Since hydrogen on twin boundaries is also diffusible at ambient temperature, the surface cracking along such twin boundaries was gradually suppressed with increasing the air exposure time. Because most hydrogen was desorbed from the diffusible hydrogen trap sites after air exposure for 300 h, the brittle cracking disappeared completely after exposure to air for 300 h. However, even after 300 h, some remaining hydrogen seems to affect the slip behavior as indicated by Fig. 12d ′ . This could be caused by the remaining hydrogen around inclusions as shown in the TDA profile, since intense slip lines appeared around the ductile void that occurred in the vicinity of inclusions.
Conclusions
A Scanning Kelvin Probe Force Microscopy approach was successfully used to detect hydrogen in deformation twin plates in an Fe-Mn-C austenitic TWIP steel with high spatial resolution. The hydrogen content stored at deformation twins remains longer in the material than diffusible hydrogen in interstitial sites, vacancies and dislocations, yet, shows significant mobility at room temperature. These facts were supported by thermal desorption analysis as well as observations of surface cracking behavior of hydrogen-charged specimens after different air exposure times after the hydrogen charging. We suggest that hydrogen localization at deformation twins assists hydrogen-induced twin boundary cracking. The novel Scanning Kelvin Probe Force Microscopy approach presented here solves two main challenges associated with the investigation of hydrogen embrittlement, namely, the detection of hydrogen with high local and chemical sensitivity and the microstructure-dependent and spatially resolved observation of the kinetics of hydrogen desorption.
